ABSTRACT An experiment was conducted to determine if myopathies of the Pectoralis major muscles are influenced by differences in growth trajectory achieved through a controlled feeding program. Male Yield Plus × Ross 708 broiler chicks were placed into 28 pens (25 birds/pen) equipped with plastic slats to prevent coprophagy. All birds received identical starter (1 to 10 d), grower (11 to 32 d), finisher (33 to 42 d), and withdrawal (43 to 50 d) diets that were formulated to meet or exceed nutrient recommendations of the primary breeder. Each pen of birds was randomly assigned to one of 4 pair-feeding programs (TRT 1: ad libitum; TRT 2: 95% of TRT 1 intake; TRT 3: 90% of TRT 1 intake; and TRT 4: 85% of TRT 1 intake) with 7 replicate pens per treatment. Feed intake and mortality were recorded daily. Individual BW was recorded at 31, 42, and 49 d of age. Blood samples were collected from 4 birds per pen at 31, 41, and 48 d of age and subsequently analyzed for plasma creatine kinase (CK) and lactate dehydrogenase (LDH). At 32, 43, and 50 d of age, 4 birds per pen were euthanized for necropsy. The right breast fillet of each bird was visually scored for white striping (WS) and wooden breast (WB). Linear decreases (P ≤ 0.01) in feed intake, BW gain, feed conversion ratio, and mortality were observed with decreasing feed allocation. Linear decreases (P ≤ 0.01) in severity were observed for WS and WB at 33, 43, and 50 d with decreasing feed allocation. Severity of WB at 33 and 43 d, as well as that of WS at 43 and 50 d, decreased (P ≤ 0.05) quadratically with decreasing feed allocation. Reduced feed allocation produced quadratic decreases (P ≤ 0.05) in CK and LDH concentrations at 31, 41, and 48 days. These results indicate that the incidence of breast fillet myopathies in broilers may be reduced through controlled feeding programs.
INTRODUCTION
Degenerative myopathies of the Pectoralis major muscles manifest at processing as visible and palpable quality defects in the breast fillet. Recently, attention has focused on the increased occurrence of white striping (WS) and wooden breast (WB) in modern broiler strains (Kuttappan et al., 2012a; Sihvo et al., 2014) . Whereas WS has been characterized as the abnormal deposition of intermuscular fat (Kuttappan et al., 2013b) resulting in parallel striations, WB is distinguished by excessive toughness due to the accumulation of connective tissue (Sihvo et al., 2014) . Although these myopathies are predominantly aesthetic in nature and do not affect the wholesomeness of the C 2018 Poultry Science Association Inc. Received June 7, 2017. 1 Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by Auburn University. 2 Corresponding author: bill.dozier@auburn.edu product, they may negatively impact consumer perception of affected meat (Kuttappan et al., 2012b) . Furthermore, the presence of myopathy may alter nutritional and functional characteristics, causing issues for further processed products and labeling (Qin, 2013; Mudalal et al., 2014 Mudalal et al., , 2015 Mazzoni et al., 2015) . Each of these myopathies has been observed in multiple commercially available modern broiler strains (Meloche et al., 2014; Trocino et al., 2015) grown under a variety of conditions worldwide. Although numerous anecdotal reports indicate that these issues are associated with a sudden acceleration during critical windows of the growth trajectory, limited formal research has been conducted to investigate this relationship. Therefore, an experiment was conducted to determine if myopathies of the Pectoralis major muscles are influenced by differences in growth trajectory obtained through quantitative feed restriction. In conjunction with this pairedfeeding trial, plasma creatine kinase (CK) and lactate dehydrogenase (LDH) also were investigated as potential in vivo markers for the presence of myopathy in broilers.
MATERIALS AND METHODS
The Institutional Animal Care and Use Committee at Auburn University approved the use of live birds in this experimental protocol (PRN 2014 (PRN -2404 .
Bird Husbandry
An experiment was conducted from 1 to 50 d of age. Seven hundred Yield Plus × Ross 708 (Aviagen Inc., Huntsville, AL) male broiler chicks were obtained from a commercial hatchery and placed into floor pens (0.11 m 2 /bird; 25 birds per pen) equipped with plastic slats raised above the litter to prevent the recycling of nutrients through coprophagy in the pair-fed treatments. Chicks were vaccinated at the hatchery for Marek's disease, Newcastle disease, and infectious bronchitis. Each pen was equipped with a hanging feeder and a nipple drinker line (5 nipples per pen). Birds consumed water on an ad libitum basis. Experimental diets were weighed and allocated daily. Ambient temperature set points consisted of 33
• C at placement until 4 d of age, 32
• C from 5 to 9 d of age, 29 • C from 39 to 50 d of age. Birds were exposed to a 23L:1D photoperiod from placement to 7 d of age, followed by a 20L:4D photoperiod for the remainder of the experiment. Light intensity was set at 30 lux from 1 to 7 d of age, 10 lux from 8 to 13 d of age, 5 lux from 14 to 27 d of age, and 3 lux from 28 to 50 d of age. Light intensity settings were verified at bird level (30 cm) using a photometric sensor with NIST-traceable calibration (403,125, Extech Instruments, Waltham, MA) for each intensity adjustment. Mortality was recorded daily.
Dietary Treatments
Each pen of birds received identical starter (1 to 10 d), grower (11 to 32 d), finisher (33 to 42 d), and withdrawal (43 to 50 d) diets that were formulated to meet or exceed nutrient recommendations from the primary breeder (Table 1) . Diets were corn-soybean meal-based and contained distillers' dried grains with solubles. No ingredients of animal origin were used in formulation of experimental diets. Feed was provided in crumble form during the starter phase, and was pelleted thereafter. Treatments consisted of an ad libitum control and 3 experimental feeding programs in which birds were pair-fed at 95, 90, and 85% of TRT 1 intake. All pens received feed ad libitum for the first 24 h after placement. Beginning at 2 d of age, feed intake was recorded at the same time each morning, and allocations were calculated as a percentage of the average TRT 1 intake for the previous day.
Measurements
Individual BW was recorded at 31, 42, and 49 d of age. At 31, 41, and 48 d of age, 4 mL of blood were collected from the ulnar vein of 4 birds per pen using 21 gauge 25.4 mm needles and heparinized (16 IU/mL) monovette syringes. Blood samples were retained on ice until sampling was completed, then centrifuged at 4,000 × g for 10 min at 4
• C in order to obtain 1.5 mL of plasma, which was stored at −20
• C until subsequent analysis for plasma CK and LDH. Analyses for CK and LDH were conducted using a Roche/Hitachi Cobas c311 (Roche Diagnostics, Indianapolis, IN) automated blood analyzer at Auburn University College of Veterinary Medicine. At 32, 43, and 50 d of age, the same 4 birds per pen that had been utilized for blood sample collection were euthanized by carbon dioxide asphyxiation. The Pectoralis major muscles of each bird were visually 2 Treatments consisted of an ad libitum control and 3 controlled feeding programs that received the specified proportion of the control group intake on the previous day. Each of the 4 treatments was represented by 7 replicate pens.
3 SEM = pooled standard error of the mean. 4 R 2 Adj is the adjusted coefficient of determination.
assessed and scored on a 3-point scale (0 = none; 1 = mild; 2 = severe) for WS and WB. All fillets were scored by the same evaluator. For WS, the defect was characterized as "mild" if visible striping comprised less than half of the total fillet surface area or was less than 2 mm wide on average, but was considered "severe" if the striping exceeded these limits. For WB, the defect was considered "mild" if palpable hardness was present in less than half the total fillet surface area, but was considered "severe" if it exceeded this limit.
Statistical Analyses
Each of the 4 dietary treatments was represented by 7 replicate pens arranged in a randomized complete block design with pen as the experimental unit and pen location as the blocking factor. Treatment effects on live performance were subject to analysis of variance using PROC MIXED of SAS 9.3 (SAS Institute, 2009) by the following mixed-effects model:
Where: μ is the overall mean; the ρ i are identically and independently normally distributed random block effects with mean 0 and variance σ 2 ρ ; the τ j are the fixed factor level effects corresponding to the jth treatment, such that Στ j = 0; and the random errors ε ij are identically and independently normally distributed with a mean 0 and a variance σ. Additionally, linear and quadratic responses to dietary treatment were assessed using CONTRAST statements to evaluate the above model in PROC MIXED.
Relationships between myopathy scores and other variables were investigated using Spearman's rank correlation and logistic regression. Spearman's rank correlation (ρ) is more appropriate for ordinal categorical variables such as myopathy scores because it is a nonparametric measure of dependence between variables with a monotonic relationship, and it does not assume a normal distribution as Pearson's correlation does for continuous variables. Likewise, logistic regression is more appropriate for categorical responses, as it utilizes maximum likelihood estimates rather than ordinary least squares. In order to accommodate a myopathy scoring system with more than 2 ordinal outcome levels, the following cumulative logit model was utilized:
Where: y i is the response variable (myopathy score), x i is the vector [1, x i1 , x i2 , . . . , x ij ] of j predictor variables, β' is the vector [β 0 , β 1 , β 2 , . . . , β l ] of partial regression coefficients representing the expected change in response y per unit change in x i when all the remaining regressor variables, x i (i =l) are held constant, and α k is the unique intercept for outcome level k, where the outcomes are represented by 0,1, 2, . . . , m (Montgomery et al., 2012) . For each fitted model, the assumptions of a binomially distributed response and proportional odds among outcome levels were met. Where applicable, residuals were visually assessed to ensure normality, and non-normal data were transformed prior to analysis. For all hypothesis tests, statistical significance was considered at P ≤ 0.05.
RESULTS AND DISCUSSION

Growth Performance
Pair-feeding at specified percentages of ad libitum intake resulted in a linear decrease (P < 0.0001) in feed intake among the treatments as expected according to the experimental design (Table 2) . Reducing feed intake through quantitative feed allocation resulted in a concomitant linear decrease in cumulative BW gain (P < 0.0001), with broilers pair-fed at 95, 90, and 85% of ad libitum intake, respectively, achieving 95, 93, and 89% of the BW gain observed for the ad libitum control. The right breast fillet of each bird was assigned a subjective score (normal = 0; mild = 1; severe = 2) based on the incidence and severity of wooden breast (WB) and white striping (WS).
2 Treatments (TRT) consisted of an ad libitum control and 3 controlled feeding programs that received the specified proportion of the average control group intake from the previous day. Each of the 4 treatments was represented by 7 replicate pens.
3 SEM = pooled standard error of the mean. 4 R 2 Adj is the adjusted coefficient of determination. 5 The overall χ 2 P-value corresponds to the hypothesis test for overall significance of the logistic regression model. Odds ratios represent the proportional increase in the odds of obtaining a myopathy score of 0 vs. a score of 1 or 2 (or the odds of obtaining a score of 0 or 1 vs. a score of 2) for each change in feed allocation program. 6 Spearman's rank correlation coefficient (ρ) and its associated P-value provide a measure of dependence between continuous and categorical variables, such as that between feed intake and myopathy scores.
Reducing feed allocation resulted in a linear decrease (P < 0.0001) in feed conversion ratio, with particularly notable improvement obtained at the 90% feed allocation program. However, this improved efficiency does not account for differences in BW among the reduced allocation treatments. A longer growth period would be required for these birds to obtain a similar final BW to the control, eliminating the benefits of reduced feed conversion due to the additional maintenance cost and increasing mortality over time. Previous research has demonstrated the capacity of broilers to exhibit reduced feed conversion ratios under conditions of limited nutrient availability (Washburn, 1990; Ballay et al., 1992) . Additionally, a linear reduction (P < 0.0001) in mortality was observed with decreasing feed allocation, an outcome that has been previously reported for broilers on reduced feed allocation programs (Ballay et al., 1992) . These results indicate that the pair-feeding regimen utilized in this experiment was sufficient to alter the growth rate and efficiency of modern broilers.
Myopathy Scoring
Linear decreases (P < 0.01) in the average score for WB and WS were observed with decreasing feed intake at 33, 43, and 50 d of age (Table 3) . Additionally, quadratic reductions in average score were observed for WB at 33 and 43 d of age and for WS at 50 d of age. These quadratic responses indicate a diminishing marginal return for reductions in feed intake, particularly below 95% of ad libitum. Figure 1 illustrates the quadratic effect of decreasing feed intake on the proportion of fillets scored as having normal, mild, or severe WB ( Figure 1A ) and WS ( Figure 1B ) at 43 d of age. In this case, the greatest benefit of reduced feed intake was observed between the ad libitum control and the 95% intake treatment, for which severe scores for each myopathy decreased substantially, with little additional reduction beyond the 95% feeding program. In contrast to these results, Trocino et al. (2015) observed increased incidence WS and no effects on the presence of WB at 46 d of age in broilers restricted to 80% of ad libitum intake from 13 to 21 d of age. These authors attribute their results to the short duration of the restricted feeding program, as well as the birds' ability to compensate with improved efficiency of nutrient utilization when returned to ad libitum feeding. Both the timing and intensity of a feed allocation program must be taken into account in order to manipulate the growth curve favorably for the reduction of myopathies.
In logistic regression, the overall χ 2 P-value corresponds to the hypothesis test for overall significance of the model. At each of the ages evaluated, logistic relationships between dietary treatment and myopathy severity were observed (P < 0.05) for both WB and WS. The strength of these relationships is reflected in Figure 1 . Proportions of observed Normal (0), Mild (1), and Severe (2) scores for wooden breast (A) and white striping (B) among male Yield Plus × Ross 708 broiler chickens receiving identical diets at specified percentages (100, 95, 90, and 85%) of ad libitum intake. Four birds per pen (7 pens per treatment) were euthanized for necropsy at 43 d of age and subsequently scored for the presence of wooden breast and white striping (0 = Normal; 1 = Mild; 2 = Severe). the corresponding odds ratios for each logistic model (Table 3) . Odds ratios represent the proportional increase in the odds of obtaining a myopathy score of 0 vs. a score of 1 or 2 (or the odds of obtaining a score of 0 or 1 vs. a score of 2) for each change in feed allocation program. For example, at 33 d of age, the odds of observing a WB score of 0 (normal) for broilers assigned to the 95% intake program were 11.7 times higher than the odds of observing a normal fillet for broilers fed ad libitum. Reducing feed allocation to 95% of ad libitum intake up to 43 d of age produced a more distinct effect on the odds of observing fillets unaffected by WB, as the odds ratios associated with WB are consistently higher than those for WS for all feeding programs relative to the ad libitum control. In contrast, higher odds ratios were observed for treatment effects on WS at 50 d of age.
Although Spearman's correlation indicated the presence of an association between feed intake and myopathy score (P < 0.01) at all ages evaluated, correlation coefficients ranging from 0.27 to 0.60 denote the modest strength of this relationship (Table 3 ). The highest correlation between feed intake and myopathy (0.60) was observed for WB at 43 d of age. Taken in conjunction with the higher odds ratios for dietary treatment effects on WB scores, these data indicate that feed allocation programs aimed at reducing myopathy scores may elicit the greatest effect at 43 d of age. Previous research has indicated that the severity of WB and WS increases with age at slaughter (Bauermeister et al., 2009; Petracci et al., 2013) . However, in the current study, the severity of WB appeared to decrease with advancing bird age. This result may be a consequence of the sampling method, as the serial harvest of 4 birds per pen at each necropsy date inherently reduces the sampling pool. The impact of any feeding strategy may depend on both the timing of implementation and the age at harvest. Broilers processed at earlier ages may not benefit as substantially from a shorter duration feeding program, whereas older birds may be affected by advanced myopathy that can no longer be ameliorated through nutritional means. 2 Treatments consisted of an ad libitum control and 3 controlled feeding programs that received the specified proportion of the control group intake on the previous day. Each of the 4 treatments was represented by 7 replicate pens.
Blood Chemistry
Experiments aimed at investigating the development of myopathies over time are complicated by the necessity of scoring for the presence of the myopathy postmortem. Although manual palpation may suffice to identify severe WB in live birds, less severe manifestations of WB and the presence of WS cannot be distinguished without necropsy. Removal of birds for necropsy precludes the collection of data on the progression of myopathy in individuals over extended periods of time. For this reason, it may be advantageous to identify in vivo diagnostic markers for myopathy. CK is an intracellular enzyme that catalyzes the transfer of high-energy phosphate groups. Although multiple isoforms of CK are expressed in various tissues, Mitchell and Sandercock (1995) determined that the major isoform present in chicken plasma originated from skeletal muscle. Plasma CK has been previously utilized as an indicator of compromised membrane integrity in the presence of myopathy (Mitchell, 1999; Sandercock and Mitchell, 2004; Sandercock et al., 2006 ). In the current study, plasma CK concentrations decreased (P < 0.05) quadratically with decreasing feed intake at 32 and 41 d of age. No differences were observed in plasma CK concentrations at 48 d of age (Table 4) .
Similarly, plasma LDH concentrations decreased (P < 0.01) quadratically with decreasing feed intake at 32 and 41 d of age, but no differences among treatments were observed at 48 d (Table 4) . Five isoenzymes of LDH are expressed ubiquitously, each catalyzing the conversion of pyruvate to lactate (Brancaccio et al., 2010) . Plasma LDH is commonly used as an indirect marker for rhabdomyolysis in humans (SanchezNavarro et al., 1998) and has been investigated as a potential indicator of heat stress in laying hens (Melesse et al., 2011) and broilers (Xing et al., 2015) . In broilers, both CK and LDH have been shown to inherently increase with age (Mitchell and Sandercock, 1994; Macrae et al., 2006) . This effect may not be truly dependent on absolute age, but rather due to the ability of modern broilers to accrete more muscle mass at a given age than their predecessors.
Each of these enzymes has been associated with the presence of various myopathies (Mitchell, 1999) . Kuttappan et al. (2013a) observed elevated serum CK and LDH in broilers with severe WS. Additionally, microarray gene expression profiling has demonstrated increased abundance of LDH in the Pectoralis major tissue of broilers concurrently affected by WS and WB (Zambonelli et al., 2016 ). In the current study, Spearman's correlation indicated (P < 0.001) moderate relationships for both CK and LDH with each myopathy at 32 and 41 d of age (Table 5) . Furthermore, there was a logistic relationship (P < 0.05) between these blood measures and the severity of each myopathy score at 32 and 41 d of age, with odds ratios indicating that, e.g., each unit/mL increase in LDH at 33 d of age would correspond to a 64.5% decrease in the probability of obtaining a normal score for WB. The relationship between observed LDH concentrations and severity scores for WB in this experiment can be illustrated by plotting the change in probabilities for each individual score vs. LDH concentration (Figure 2) . As plasma LDH concentration increases, particularly in excess of approximately 2 units/mL, the likelihood of obtaining a normal score for WB decreases substantially, with concomitant increases in the likelihood of abnormal scores. Overall, the lower odds ratios determined for LDH signify that this enzyme may have greater value as a predictor of myopathy. This is likely due to the fact that CK concentrations in broilers inherently increase with growth, even in the absence of myopathy (Mitchell and Sandercock, 1994) , confounding its utility as an indicator of muscle damage in a rapidly growing animal. 2 At 33, 43, and 50 d of age, 4 birds per pen were euthanized for necropsy. The right breast fillet of each bird was assigned a subjective score (normal = 0; mild = 1; severe = 2) based on the incidence and severity of WB and WS.
3 SEM = pooled standard error of the mean. 4 The overall χ 2 P-value corresponds to the hypothesis test for overall significance of the logistic regression model. Odds ratios (OR) represent the proportional increase (OR > 1) or decrease (OR < 1) in the odds of obtaining a myopathy score of 0 vs. a score of 1 or 2 (or the odds of obtaining a score of 0 or 1 vs. a score of 2) for each U/mL increase in CK or LDH. 5 Spearman's rank correlation coefficient (ρ) and its associated P-value provide a measure of dependence between continuous and categorical variables, such as that between CK concentration and myopathy scores.
a-c Means within each myopathy not sharing a common superscript within a column differ significantly (P < 0.05).
Figure 2. Probability of obtaining a score of 0 (Normal; solid line), 1 (Mild; dashed line), or 2 (Severe; dotted and dashed line) for wooden breast with increasing concentrations of plasma lactate dehydrogenase (LDH). Probability plot was generated using PROC LOGISTIC in SAS 9.3 to evaluate wooden breast scores and plasma LDH concentrations for a total of 112 male Yield Plus × Ross 708 broiler chickens at 32 d of age.
These results indicated that altering the growth trajectory through quantitative reductions in feed allocation to 95% of ad libitum intake decreased average scores for WB at 33 and 43 d, as well as decreased WS at 43 and 50 d at the cost of live performance. Further reductions in feed intake did not lead to additional reductions in breast myopathy scores. It is possible that controlled feeding at an intermediate level, between 95 and 100% ad libitum, may reduce the incidence of myopathy without substantially impacting performance. However, such a feeding program would require further investigation. Elevated plasma CK and LDH concentrations are associated with the presence of myopathy and therefore may have utility for in vivo detection of myopathy. As quantitative allocation of feed is not currently achievable due to logistical constraints in many production systems, practical feeding programs that might reduce the incidence of breast myopathies with minimal impact on live performance require further evaluation. Additionally, research aimed at elucidating the underlying mechanism of these myopathies is warranted in order to support the development of practical interventions.
